AND CONCLUSIONS
1. The regenerative ability of the septate medial giant axon (MGA) and the septate lateral giant axons (LGAs) of the earthworm ventral nerve cord (VNC) was investigated following simple transection or following ablation of either one or three segments from the VNC. Physiological evidence for regeneration was assessed via extracellular and intracellular recordings, while morphological evidence for regeneration was analyzed using standard paraffin histology and/or intracellular injection of lucifer yellow.
2. The giant axons showed physiological evidence of regeneration following VNC transection to sever the axons or following VNC ablations to remove the original cell bodies in the ablated segments. Action potentials of regenerated giant axons were conducted slowly through the lesion site compared to normal. Action potentials in transected axons were usually unidirectionally conducted at l-3 wk postoperative and bidirectionally conducted as postoperative time increased from 1 to 8 mo. Following ablation, action potentials were often conducted bidirectionally at l-2 mo postoperatively but were usually conducted unidirectionally as postoperative time increased from 2 to 9 mo.
3. Morphological examination of regenerated axons injected with lucifer yellow showed that neuronal processes grew out from both the anterior and posterior stumps, neither of which was necessarily in direct contact with a cell body. These axonal processes usually associated .with the appropriate homologous. neuron on the opposite side of the lesion. However, some processes grew beyond or away from the lesion site.
4. Although processes of giant axons grew in inappropriate directions, functional misconnections were not detected in any regenerated giant axon.
5. Ablated cell bodies of the giant axons were not replaced. Ablated cell bodies of some nongiant axons did regenerate.
6. We conclude that the mechanism of giant axon regeneration is rather similar following transection or cell body ablation; that is, neuronal processes arising from a giant axon grow across the lesion site and make functional connections only with the appropriate giant axon on the opposite side of the lesion. INTRODUCTION We have previously suggested that transected earthworm giant axons regenerate by extending neuronal processes that morphologically unite or form electrotonic (gap) junctions between the two severed axonal stumps, both of which survive after lesioning (2). That brief report was based on evidence obtained from histological sections of paraffin-embedded material and extracellular recordings. Although they are useful, these techniques are limited. For example, we could not determine with certainty which neuronal processes in the lesion site arose from which giant axon. We could not precisely correlate physiological evidence of regeneration specificity with morphological data because, in those cases in which only one giant axon regenerated, extracellular recordings could not exclude the possibility that a physiological misconnection had been made. Therefore, we have reexamined the regeneration of transected giant axons using intracellular staining and intracellular recording. These techniques have permitted identification of the origin, destination, and reconnection specificity of the outgrowing neuronal processes with much greater accuracy.
We have also imposed new conditions for regeneration of the giant axons. In order to remove at least one cell body from each of these segmented giant axons, we ablated one or three VNC segments. Following such lesions, ablated giant axons might regenerate by one of several mechanisms (see Fig. 6 ). For example, new cell bodies might differentiate to replace the cell bodies that were removed in the ablated ganglia. Conversely, the severed stumps of the ablated neurons might grow out new processes to connect homologous neurons that had not previously been in direct contact. In this latter case, regenerating neuronal processes would be required to grow 3-l 0 times further following ablation compared to transection, thereby placing greater demands on the mechanism( s) responsible for axonal outgrowth and reconnection specificity. We now report that earthworm giant axons regenerate by this latter mechanism following either transection or cell body ablation.
MATERIALS AND METHODS

General anatomy and physiology
The dorsal aspect of the ventral nerve cord (VNC) of the earthworm contains three giant axons, one medial giant axon (MGA) and two lateral giant axons (LGAs) Each of these giant axons is septate.' The extracellular potential generated by the MGA and the LGAs are uniquely identifiable in extracellular recordings from the ' Various authors (8, 11, 13, 17) have reported that in earthworms the MGA and LGA are septate, multicellular axons having in each segment a cell body that gives rise to a small neurite that expands into a large axon. Each axonal segment makes electrotonic synapses (gap junctions with l-to 3-nm cytoplasmic bridges) with axonal segments arising from cell bodies in the nextmost anterior and next-most posterior segment (see Figs. 1 and 6) . Each segment of the LGA and MGA would therefore be considered a single cell, although the entire set of nerve cells would behave electrically as if it were a syncytium because of the gap junctions. More recently, Gunther ( 11) has reported that septa are absent between 60% of the LGA segments and 85% of MGA segments, i.e., some segments are completely fused to form a syncytium. Kensler et al. (17) have confirmed that septa occur with much greater regularity in LGA than MGA but-that when septa do occur they are complete, i.e., some segments are indeed single cells connected by gap junctions.
VNC (2, 6, 29) or from the surface of the intact animal (6). The MGA potential has a lower amplitude and a faster conduction velocity than the potential generated by the two lateral axons that fire synchronously due to electrotonic cross-connections in each segment. Most nongiant axons are probably unicellular neurons that extend processes between one or more segments. The cell bodies of both giant and nongiant neurons are located in the periphery ("cortex") of VNC cross sections and neuronal cell bodies are present throughout the entire length of a segment; that is, in the earthworm VNC, nerve cell bodies are not located in discrete ganglia.
Operative procedures
The VNC of 44 earthworms was exposed and transected between the first and second nerve roots in the middle of VNC segment 75 as previously reported (2). This operation a) divided almost all nongiant axons into a proximal and distal segment, b) divided the LGAs such that the anterior segment contained the distal half of the original axon whereas the posterior segment remained connected to its original cell body (see Figs. 1, 6) , and c) divided the MGA such that either the anterior or posterior half might contain the original cell body. Furthermore, the MGA cell body might have been damaged in some animals (see Fig. 1 ).
In order to remove either one or three segments from the VNC, 57 earthworms (32 having onesegment ablations, and 25 having three-segment ablations) were anesthetized in 0.2% Chloretone (l,l, I -trichloro-2-methyl-2-propanol, Kodak) in distilled water for 30 min. The animals were then washed in tap water, placed in a dissection dish, and immersed in earthworm saline (15). A longitudinal incision was made on the midventral side of the animal. In the case of one-segment ablations (l-mm lesion), VNC segment 75 was removed (Fig. 1) . In the three-segment ablation paradigm (3-mm lesion), VNC segments 74-76 were removed (Figs. 1, 68J. These operations removed many cell bodies of nongiant axons and the cell bodies of the MGA or LGAs from one or three consecutive segments. Because some septal junctions may not be present,' we cannot be certain whether either of the two severed distal stumps might remain in direct contact with one or more cell bodies in adjacent segments.
All animals with ablated segments were kept for 1 postoperative day on filter paper moistened with saline before they were placed in a plastic petri dish filled with moist soil (peat:potting soil:cow manure-4:4: 1) at 15-l 9OC. tervals of from 1 to 4 wk. Nine animals were examined at postoperative times of 2 mo or more. All 44 animals were anesthetized in 0.2% Chloretone for 30 min and then rinsed in tap water to remove the anesthetic. Thirty to 40 segments of the nerve cord were dissected from the animal so that the lesion lay at the center of the excised VNC. The nerve cord was securely pinned to a Sylgard-coated petri dish and covered with earthworm saline (15), which contained 54 PM carbachol (carbamylcholine chloride, Sigma) to prevent spontaneous contractions of the VNC.
Two suction electrodes were placed extracellularly on the VNC l-l.5 cm from the lesion (R, and R2 in Fig. 1) . A third suction electrode (S in Fig. 1 ) was placed immediately adjacent to the lesion site to stimulate the VNC to evoke only the MGA impulse. The MGA impulse was identified in physiological recordings by its shorter latency, lower threshold, and smaller amplitude compared to an impulse of the LGA. If, following production of the MGA impulse, an impulse always appeared at the same threshold in both extracellular electrodes (R, and R2), this result was taken as preliminary evidence that the MGA had regenerated across the lesion. Next, the stimulus intensity was increased to produce both the MGA and the LGA impulse, and regeneration of the LGA was tested as described for the MGA. The stimulating electrode was then moved to the other side of the lesion to test for functional regeneration in the opposite direction through the lesion site. The VNC was usually stimulated with 0.2-ms, squarecurrent pulses delivered at 3 Hz, but in some cases stimulus rates up-to 100 Hz were used to test for the ability of regenerated connections to follow high-frequency stimulation.
To verify the apparent reconnection specificity of the giant axons obtained using extracellular electrodes, action potentials from the MGA and
LGA were recorded intracellularly in 24 of the 44 animals. Electrode placement was guided by visual observation through a dissecting microscope. Because penetration of a regenerating segment of a giant axon by an intracellular electrode usually damaged the cell as evidenced by a low (~50 mV) resting potential and blockage of an action potential, it was not possible to record directly from the regenerating axonal segment. However, we were able to record from an adjacent, intact segment of the giant axon electrotonically coupled to the severed axonal segment. Action potentials were often reduced in amplitude even in the adjacent segments, but were still useful for determining regeneration specificity (Fig. 2 ). For example, to test for specificity of reconnection in the MGA, the electrodes were placed on the VNC as in Fig. 1 , except that electrodes S and R1 were sometimes reversed in position to allow a longer latency of conduction to the intracellular electrode, R+ (This electrode configuration was also used to insure that spread of stimulus current did not activate giant neurons on the opposite side of the lesion.) Microelectrode R3 was placed in the MGA segment immediately adjacent to the lesioned segment on the opposite side of the lesion from the stimulating electrode. Fig. 1 and the lower trace the response of R3 in Fig. 1 . Electrodes R, and S were positioned as indicated in Fig. 1 when R3 was placed in the MGA, but not when it was placed in the LGA. The stimulus intensity was then increased so that both the MGA and the LGA produced an action potential. The LGA action potential should not be recorded (and was not) in the intracellular electrode in the MGA if regeneration specificity were correct. The LGA was then examined in the same manner described for the MGA. The entire paradigm was then repeated on the other side of the lesion to test regeneration specificity in the opposite direction. We could not distinguish between regeneration of the right as opposed to the left LGA using this or any other paradigm because electrotonic junctions couple the left and right axons in every segment (6, 17) .
To calculate the approximate conduction velocity of a regenerated giant axon, we first measured the conduction. latency through a length of VNC containing the lesion site together with an adjacent length of unoperated VNC (unoperated VNC had to be included in the measurement because the length of the lesion was about 0.3 mm). We also measured the conduction latency of giant axon impulses through a length of VNC containing only unoperated nerve cord. These latencies were used to calculate the combined conduction velocity (combined CV) and the unoperated conduction velocity (unoperated CV), respectively. The conduction velocity of the giant axon action potential through the regenerated region of VNC (regenerated CV) was estimated by the following formula
where, 0 lregen is the length (m) of the lesion, assumed to be 0.3 mm for VNC transections; 2) t regen is the calculated conduction time (s) for a giant axon action potential to traverse the regenerated region of VNC; 3) lcomb is the measured length of VNC (m) included between the stimulating and recording electrodes; 4) tcomb is thecombined conduction time (s) of a giant axon to traverse the lesion site and a measured distance of adjacent VNC; 5) lunop is the length (m) of unoperated VNC included between the stimulating and recording electrodes, calculated by lcomb -1
is the conduction time (s) for a giant axon potential to traverse a measured distance in the unoperated portion of the VNC.
At intervals of approximately 30 days postoperative, 57 animals with ablated segments were tested as described above for animals having transected cords. Some animals were recorded more than once as extracellular recordings were made from ablated animals using suction electrodes in 18 cases and in 56 cases using Ag-AgCl hook electrodes placed on the ventral body surface of the anesthetized earthworm (6). This latter method of recording was preferentially chosen because no surgical intervention was necessary to obtain electrical recordings, yet the action potentials of the giant neurons are as easily distinguished compared to recordings using suction electrodes, perhaps because the VNC is only a few millimeters from the outer body wall. The surface hook electrodes (R, and R3 in Fig. 1 ) were placed approximately 4 cm anterior and posterior to the lesion. The VNC was stimulated through the body wall of the animal by platinum electrodes placed sufficiently anterior or posterior to the lesion site to eliminate the possibility of current spread across the lesion site. When suction electrodes were used, they were placed directly on the surface of the excised VNC, 15-20 segments anterior and posterior to the lesion. The VNC was then stimulated by a third suction electrode placed between the lesion site and the recording electrode. Using one of these techniques, the extracellularly recorded MGA and LGA impulses were identified on the basis of their threshold, latency, and amplitude. The connection specificity was examined using intracellular electrodes in 13 of the 57 animals.
In all cases, the intracellular records confirmed that only appropriate functional connections had been made. Conduction latencies were measured for identified giant axon impulses as described above.
Morphological assessment of regeneration
We examined the morphological configuration of regenerated giant axons by injecting intracellular stains into a giant axon on one or both sides of the lesion. Injection of a giant axon on only one side of the lesion showed the full extent of all neuronal processes arising from the injected axon. We injected a giant axon on both sides of the lesion when we wished to examine whether outgrowing processes associated only with appropriate axons and whether outgrowing processes arose from both halves of a severed axon.
We successfully injected a 4% aqueous solution of lucifer yellow in one or more giant axons in 22 animals and 0.5 M cobaltous chloride in 16 animals with transections. Cobalt did not fill axonal processes that extended into the regenerated region of the VNC. Lucifer yellow, on the other hand, easily filled the giant axon and the neuronal processes that extended from it. This dye (mol wt, 457) passed the segmental electrotonic synapses (cf. Ref. 25 ) and could be easily demonstrated under ultraviolet illumination.
When injected into an LGA, the dye filled the contralateral
LGA via small cross bridges that occur in each segment of these axons. (Presumably, these cross bridges are responsible for the synchronization of the action potentials in the two LGAs (17)).
We injected lucifer yellow using 20-to 40-nA negative current pulses of 400 ms duration repeated at 1 Hz for 30-60 min. Resistances of the lucifer-filled electrodes were 100-200 MQ when measured in earthworm saline (15). The same electrodes had resistances of 15-50 MQ when filled with 3 M KC1 and measured in saline. Following injection of lucifer, the VNC was fixed for periods of 2-24 h using 4% formaldehyde in a 0.1 M phosphate buffer. After dehydration and clearing in methyl salicylate, whole mounts of the injected VNC were illuminated with ultraviolet light and photographed.
The tissue was then embedded in paraffin, sectioned at 10 pm, and photographed again. In other animals receiving no lucifer injections, the VNC was embedded in paraffin for histological examination as previously described (2), except that the concentration of glutaraldehyde was lowered to 2% and fixation time extended to at least 3 h. In addition, several tissues were embedded in Spurr's (33) low-viscosity plastic and sectioned at 0.5 pm to trace axonal projections through the lesion site. Both operative time and with a higher rate of success than previously reported for transected axons (compare Table 1 with data from Ref.
2). After 1 day, no animal showed any physiological evidence for regeneration. Morphological examination immediately after cutting always showed that the cord was completely severed and that the cut ends separated by l-2 mm, as reported previously (2). Regeneration of at least one axon occurred in 7 1% of all animals tested at 1 wk following transection. Although regeneration of at least one axon increased to 94% at 1 mo postoperative, this level of regenerative success was not significantly different (P > 0.05, Wilcoxon rank sum, Ref. 3 1) from regenerative success of other time periods. Both the MGA and the LGA showed a significant increase in regenerative success at 1 mo following transection compared to 1 wk (P < 0.05). The difference in regenerative success between all other groups in Table 1 was not statistically significant (P > 0.05). As reported previously (2), some axons showed only unidirectional conduction through the lesion site. Unidirectional conducting axons followed 3-to IOO-Hz stimulation in a 1: 1 fashion through the lesion site.
We have no good explanation for the higher regenerative success at 1 mo compared to subsequent postoperative periods. However, it is not likely that our surgical procedures or improper animal care grossly impaired the health of long-term animals. The overall survival rate of animals with VNC transections was 90-95%. Deaths were very infrequent after the first 3-5 postoperative days. Muller and Carbonetto (23) have also observed a 20% decrease in regenerative success of the leech S-interneuron in animals after 70 or more postoperative days.
We measured the conduction latency of a giant axon impulse through the lesion together with an adjacent length of unoperated VNC to calculate the combined CV (see METHODS).
We then calculated the conduction velocity of the regenerated giant axon through the lesion site alone (regenerated CV). Both the combined CV and the regenerated CV were compared to the conduction velocity measured in the unoperated portion of the VNC (unoperated CV).
in Table 2 for all postoperative groups tested. The combined CV and the regenerated CV Mean values for the MGA or LGA combined CV and regenerated CV are presented (6) LGA conduction velocities 1 wk (3) 2-3 wk (8) 1 mo (15) 2-8 mo (6) 24 t 11 27 t 14 24 t 13 21 t 9.3 11 * 4.4 11 t 2.7 10 t 5.2 9.5 t 5.9 5.3 t 0.9 7.8 t 3.2 9.1 t 3.9 11 t 4.6 5. of the MGA and LGA were always less than the unoperated CV at all postoperative times, and the regenerated CV was always a small fraction of the unoperated CV in both the MGA and LGA. The regenerated CV in the MGA and LGA were always about equal to each other. In both the MGA and the LGA, the combined CV increased slightly with postoperative time, but the regenerated CV showed no consistent increase. The specificity of reconnection, i.e., the ability of two severed stumps of a giant axon to reconnect appropriately, was very high in both the MGA and the LGA when tested as previously described (see METHODS).
In fact, we found no evidence of inappropriate physiological connections between giant axons in any combination of extracellular (n = 44) or intracellular (n = 25) recordings ( Fig. 2A-D) . Furthermore, when only the giant axons were stimulated, no long-latency responses were recorded from other axons in the VNC, suggesting that the giant axons probably did not make functional contacts with slower conducting (~1 m/s) nongiant fibers.
In some cases, following insertion of the intracellular electrode, the response of that giant axon was lost in the extracellular record from thesame side of the lesion. Because the intracellular electrode was always inserted between the stimulating electrode and the extracellular electrode and because attenuated, all-or-nothing potentials could still be recorded intracellularly, the loss of the extracellular response was interpreted to mean that conduction of the giant axon impulse had been blocked at the point of the intracellular electrode penetration. This impulse blockage was probably due to local damage of the axon membrane since the impulses recorded were of low amplitude. The missing extracellular response was always the potential identified as belonging to the giant axon that the intracellular electrode had penetrated. Therefore, data from blocked axons confirmed our ability to identify and correlate the extracellular and intracellular responses of a particular giant axon.
In several intracellular records, an action potential in a regenerated giant axon was preceded by one or several prepotentials (Fig. 2E) . Because the prepotentials occurred in an all-or-nothing fashion and because they occurred only at the threshold of the appropriate giant axon on the opposite side of the lesion, it appeared that the regenerated axon had several inputs from its counterpart on the opposite side of the lesion. If regeneration were to occur by outgrowing processes and if such processes had slightly different lengths or diameters, then they should conduct with slightly different latenties. The latency difference, in turn, would produce a series of all-or-nothing potentials in the appropriate giant axon. The same re-sults might be obtained if several outgrowing processes made electrical or chemical synapses at different locations along the axon (Fig. 6A,) .
Physiology of ablated axons
Thirty-two animals were physiologically tested at l-9 mo after ablating one segment. Because 5 animals were recorded more than once, 37 recordings were obtained from the 32 animals. Of the 32 animals, 20 (63%) gave physiological evidence for regeneration of one or both giant axons between 1 and 8 mo after lesioning. Regenerative success for one or both axons was significantly higher (P < 0.05) in the I-mo animals (89%, n = 9) as compared to the 2-month (50%, n = 8) and the 7-9-mo groups (50%, n = 6),
but not compared to the 3-5-mo animals (64%, n = 14). As in the case of transected axons, regeneration of lesioned MGAs was not correlated with regeneration of lesioned LGAs. Table 3 summarizes the ability of the MGA to regenerate following a one-segment ablation. There was no significant difference in MGA regenerative success between any of the postoperative groups. The regenerative success rate of the LGA (Table 3) was also relatively constant at 50% in the 3-5-and 7-9-mo postoperative groups, but regenerative success was somewhat higher in the 1-mo group (70%) and somewhat lower in the 2-mo group (25%).
Twenty-five animals with three-segment ablations were recorded l-8 mo after lesioning and all animals showed perfect regeneration specificity using surface hook electrodes (18 animals) or VNC suction electrodes (7 animals). Regeneration specificity was confirmed in six animals by the simultaneous use of extracellular and intracellular electrodes. Ten of 25 animals (40%) tested l-8 mo after lesioning regenerated one or both giant axons, with 50-60% of 18 animals showing regeneration at l-2 or 3-5 mo, but none of 7 animals showing regeneration at 6-8 mo. Table 4 summarizes the regenerative success of the MGA and the LGA following three-segment ablation.
Values for combined and unoperated CVs given in Table 5 following one-segment ablations are calculated from data recorded using surface hook electrodes (see METHODS). As in the case of transected MGA, the values for the combined CV steadily increased with time following one-segment ablations. The combined CV in the LGA changed very little with increasing postoperative time. As in the case of transected LGA, the combined CV for ablated LGA was much greater percentage of the control LGA CV compared to that of the MGA. The LGA and MGA regenerated CV were both relatively constant with postoperative time.
Because of the small number of axons that regenerated following three-segment ablations, we can only note that our data showed no evidence for change in the MGA or LGA combined CV with postoperative time. The mean MGA combined CV for all postoperative periods was 6.5 t 2.2 m/s (n = 6) using surface hook electrodes or 4.1 t 0.9 ms using VNC suction electrodes. The MGA regenerated CVs ranged from 0.83 to 1.5 m/ s using either method. For the LGA, the mean combined CV was 3.5 t 0.6 m/s (n = 2) using hook electrodes and 3.7 +-0.4 m/ s (n = 4) using suction electrodes. The regenerated CV was 0.12 and 0.10 m/s for the hook and suction electrode data, respectively.
The giant axon impulses in both the MGA and the LGA were usually conducted in both directions through the lesion site at I mo after one-or three-segment ablation. As postoperative time increased beyond 2 mo, impulse conduction became progressively unidirectional across the lesion site in both the MGA and the LGA. As in the case of regenerated giant axons following transection, axons reconnecting after cell body ablation followed 3-to IOO-Hz stimulation in I: I fashion. 3-5 (6) 7-9 (3)
LGA conduction velocities 1 (7) 2 (2) 3-5 (7) 7-9 (3) The specificity of physiological regeneration to homologous neurons on the opposite side of the lesion (Fig. 6B ) was very high in animals with one-or three-segment ablations. No misconnections of a giant axon were detected in recordings using surface hook electrodes (n = 42) or in VNC suction electrodes (n = 2 1) in combination with intracellular electrodes (n = 13), even after three-segment ablation.
Morphology following transections The physiological data from animals with VNC transections were consistent with the morphological data obtained from these same animals. At 1 wk following VNC transection, the nerve cord was morphologically united. A mass of cells (the regeneration matrix) formed a large sphere surrounding the lesion and appeared to overlap slightly onto unoperated portions of the VNC. The VNC in the lesion site had not completely separated from the regeneration matrix and the connective tissue sheath that normally surrounds the VNC had not reformed. At 2-3 wk postoperatively, the VNC had mostly separated from the regeneration matrix that was often greatly reduced in size. The connective tissue sheath was reformed at the rostra1 and caudal margins of the lesion but not in the central portion of the lesion. By 1 mo following VNC transection, the regeneration matrix was usually no longer present and the connective tissue sheath had reformed in all areas of the regenerating VNC.
At 1 wk following transection, injections of lucifer yellow into regenerating giant axons revealed that these axons extended neuronal processes, which grew into, but not always through, the lesion site. Three or four neuronal processes of regenerating giant axons (mean diameter, 13 pm) were present in the lesion site, but no axonal profiles the size of a giant axon (40-80 pm) were ever seen. By 2-3 wk after transection, these processes traversed the lesion. This number (3-4) and mean diameter (14 pm) had not increased significantly from those seen at 1 wk (Fig. 3A) . Lucifer injections of the MGA filled neuronal processes that usually crossed the lesion site in the medial portion of the neuropil, while LGA processes usually traveled in the more lateral portions of the VNC neuropil (Fig. 3B) .
At 1 mo (Fig. 3D) , the mean diameter (20 pm) and the number (4-5) of the regenerating processes had increased compared to animals at l-2 wk. Some neuronal processes filled with lucifer extended for one to two segments into the unoperated VNC on the opposite side of the lesion from their origin, and these processes had many secondary branches along their length (Fig.  3C) . Such secondary processes were invariably very short and many seemed to fluoresce more intensely than the primary neuronal processes. In the injected MGA shown in Fig. 3C , many of the secondary processes came in close proximity with the MGA on the opposite side of the lesion.
In the one animal in which both the caudal and rostra1 LGA stumps were injected, outgrowths arose from both stumps. In two cases of seven where both stumps of the MGA were injected, processes arose from both cut ends. In one of five animals examined in the 2-3-wk group, an outgrowing process of the LGA appeared to contact the MGA on the opposite side of the lesion, but the physiological recordings from this animal indicated that the misdirected process was not functional. Occasionally, a neuronal process of the LGA or MGA grew in a ventral direction and/or grew away from the lesion site along the longitudinal axis of the VNC (Fig. 3A) . Such processes often extended for several VNC segments and made no apparent contact with a giant axon.
Regenerating neuronal processes injected with lucifer yellow did not pass the stain in detectable amounts into the giant axons on the opposite side of the lesion. However, the stain easily passed the septate junction between adjacent segments in normal or severed axons. The stain also passed the synapse that electrically couples the two LGAs in each VNC segment so that the contralateral
LGA was always stained, albeit to a lesser degree than the injected LGA.
In five of seven cases in which a correlation could be made for transected neurons, the direction of outgrowth of giant axon processes correlated with the direction of im- pulse conduction through the lesion site; that is, at early postoperative times processes growing in only one direction correlated with unidirectional impulse conduction in the opposite direction, whereas processes growing in both directions through the lesion correlated with bidirectional impulse conduction. In the two cases that showed no correlation between axonal process outgrowth and giant axon impulse conduction, an MGA grew processes in one direction through the lesion but impulse conduction was bidirectional. These two cases came from animals in which the diameter (20 pm) of the MGA processes might have been sufficiently large to provide for bidirectional activation. Finally, none of the 44 earthworms with transected nerve cords provided any physiological or morphological evidence.for degeneration of a severed MGA or LGA segment.
Morphology following ablations
A few morphological events that accompany regeneration were somewhat different following VNC ablation (cell body removal) compared to transection. First, the regeneration of a greater amount of neuronal tissue following ablation required a greater amount of time compared to VNC transection. Second, peripheral roots (left undamaged in the transection paradigm) were sometimes replaced following VNC ablation. Third, the original cell bodies of the regenerating giant axons were ablated (see Figs. 1 and 6 ) and connections, were they to be made, had to be established with an axonal segment other than the original one. This reinnervated axonal segment would not have been in contact with the cell body of the regenerating axon if any of the ablated septa were complete.' There were many similarities between VNC and giant axon regeneration following transection and ablation. As in the case of VNC transection, VNC regeneration following one-or three-segment ablation took place from a regeneration matrix. One month following either one-or three-segment ablation, the regenerated region of the VNC was encircled by the regeneration matrix and the connective tissue sheath that normally surrounds the VNC was reconstructed only at the rostra1 and caudal edges of the regeneration matrix (Fig. 4A) . The VNC was morphologically united by 1 -mo postlesioning following either, one-or three-segment ablation. By 2 mo (Fig. 5D) , the VNC had almost completely differentiated but portions of the connective tissue sheath at the middle of the regenerating VNC still did not encircle the nerve cord as in the normal animal (Fig. 5C ). Three months after segmental ablation, however, the VNC had completely separated from the regeneration matrix, which was often greatly reduced in size, and the connective tissue sheath was complete (Fig. 4B) . Few changes in gross VNC histology were seen after 3 mo (Fig.  4C) , except that peripheral root connections were first seen in the regenerated region of the VNC at 2 mo postlesioning in one-segment ablations (Fig. SD) but not until 7 mo following three-segment ablation. The number of regenerated peripheral roots was always fewer than normal and such roots fre- quently contracted peripheral musculature at aberrant locations.
A few nerve cells identified by their characteristic location, size and reaction to stain were seen in the regenerated region of the VNC 2 mo following either one-or threesegment ablation (Fig. 5D ). The number of nerve cells present in the regenerated VNC appeared to be reduced compared to unoperated animals or to unoperated regions of the VNC in experimental animals, even after 7 mo. Furthermore, the diameter of the VNC at 7 mo was only 60-70'S of normal (Fig. 4C) .
Giant axon regeneration was similar to that seen following transection for both oneand three-segment ablations. Three or four relatively large axonal profiles (mean diameter, 10 pm) Cere usually present in the regenerating VNC 1 mo following one-segment ablation, but none attained the size of giant axon profiles (40-80 pm). Lucifer yellow injections of a single giant axon usually filled one or two of these processes. Most filled processes traversed the entire lesion site and contacted the appropriate homologous giant axon' on the opposite side of the lesion when viewed in whole mount or sectioned material (Fig. 54) . Lucifer-filled processes of the MGA that crossed the regenerated region of the VNC were usually located in the medial portions of the regenerated nerve cord.
LGA processes filled with lucifer usually crossed the lesion in the lateral portions of the regenerated VNC (Fig.  5B ) and associated with one or both of the LGAs on the opposite side of the lesion. Occasionally, neuronal processes continued to grow one or two segments beyond the regenerated portion of the VNC. Furthermore, a few processes reversed direction and grew away from the lesion. In these animals, electrophysiological recordings did not produce any evidence of functional, but inappropriate, giant axon contacts on either side of the lesion.
At 2 mo postoperative, six to eight large axonal processes (mean diameter, 17 pm) were evident in the dorsal portion of the regenerating VNC and could be traced through the lesion (Fig. 5) . Three months following one-segment ablation, projections of the giant axons increased in mean diameter to 21 pm and the total number of processes in the lesion site increased to 16-20. Lucifer injected into one LGA at the 3-mo stage filled eight such processes (Fig. 5B ). In contrast to all other (n = 14) injections following one-segment ablation, a cell body in the lesion site of one 3-mo animal filled with lucifer following injection. However, no cell body filled in the immediately adjacent, rostra1 segment of the intact portion of the VNC.
The major changes in VNC histology after 3 mo postoperative were changes in the number and diameter of the neuronal processes in the lesion site. At 7 mo, the mean diameter of the neuronal processes was 34 pm and the average number of processes in the regenerated region of the VNC was fewer (8-9) than at the 3 mo stage (16) (17) (18) (19) (20) . This latter observation suggests that some of the processes seen at earlier postoperative times were lost, possibly through a degenerative or resorptive mechanism. In the two cases in which good lucifer injections and physiological recordings were obtained from the same animal, one at 4 and one at 9 ma after one-segment ablation, axonal processes grew from both sides of the lesion and physiological recordings showed impulse conduction to be bidirectional.
Giant axons in three animals were successfully injected with lucifer ( Fig. 40) following three-segment ablations; the rest were examined only in histological cross section ( Fig. 4A-C) . At 1 mo after lesioning, it was more difficult to find processes of the giant axons in the regenerating VNC compared to one-segment ablations. Such processes were larger (approximately 10 pm) in the rostra1 and caudal portions than in the central portion (6-8 pm) of the regenerating nerve cord.
At 2 mo, there were usually three to four processes (mean diameter 8 pm) of the giant axons in the center of the lesion compared to six to eight such processes in one-segment ablations. The mean diameter of the neuronal processes in the central portion of the VNC at 3 mo after lesioning had increased to 16 pm, and usually four to six of these processes were evident in cross sections. At 7 mo following three-ganglion ablation, the mean number (9-10) and diameter (28-39 pm) of the outgrowing processes of the giant axons were greater (Fig. 4C ) compared to 3-mo animals (Fig. 4B) .
In one animal injected at 3 mo postoperative, two unusually large neuronal processes arose from the caudal segment of the MGA (Fig. 4D) , traversed the lesion site, and came in close proximity to the surviving rostra1 segment of the MGA. Very small processes appeared to emerge from the tip of the rostra1 MGA and extended only a few micrometers into the lesion site. This animal conducted MGA impulses unidirectionally through the lesion site from rostra1 to caudal. As in the case of one-segment ablations, no cell bodies of the giant axons ever filled in the regenerated portion of the cord in any of the injected axons in three animals having three segments removed. In normal animals, nine cell bodies total would have been associated with the injected axons in these three segments and most, if not all, of the cell bodies associated with an MGA or pair of LGAs would typically have filled following injections into control animals. Finally, as in the case of transected nerve cords, none of the 57 animals with ablated nerve cords had any physiological or morphological evidence for degeneration of the distal segment of a severed giant axon.
DISCUSSION
The results of our intracellular dye injections suggest that following transection or ablation of the VNC, earthworm giant axons regenerate with high specificity by the outgrowth of processes that often arise from A both surviving stumps (Fig. 6A4, &) . Ablated or transected giant axons could certainly have regenerated by other mechanisms, a nonexhaustive set of which is given in Fig.  6 for the LGA. As shown schematically in Fig. 6A1 , the distal (rostal) portion of a transected LGA is sometimes separated from the next-most rostra1 cell by a complete septum (in about 40% of all segments),' whereas the proximal (caudal) segment remains in direct morphological contact with the original cell body.
Our ablation paradigm removed all the cell bodies of the giant neurons from one (or three) VNC segment(s). Although neuronal somata were present in the regenerated portions of the VNC, only one cell body (of 30 injected cells) was ever seen to connect to a regenerated process of a giant axon in the lesion site. Even in this exceptional case, it was possible that the filled cell body had migrated from the adjacent, unoperated VNC because no cell body was seen to connect to the axon in that adjacent segment. Hence, we conclude that the somata of ablated giant neurons do not regenerate within 8 mo, thereby eliminating the possibility of giant axon regeneration by differentiation of new cell bodies (Fig. 6&) .
In 192 1, Hall ( 12) reported that after twoand four-segment ablation, the normal morphology of the earthworm VNC was restored within 60 days, including nerve cell bodies in the ablated segments. Our results conflict somewhat with hers since we conclude that the cell bodies of the giant axons are not replaced, although other nerve cell bodies do regenerate in the lesion. We also report that the original structure of the VNC is not restored after ablation since regenerated regions have fewer nerve cell bodies than normal and the VNC is abnormal; that is, compared to control VNCs, regenerated VNCs have fewer peripheral roots and regenerated peripheral roots contact peripheral muscle layers in aberrant locations. In agreement with our conclusions, Koritsanszky and Hartwig (18) and Mendelson (22) have reported that the number of neurons in regenerated earthworm cerebral ganglia is fewer than normal. Mendelson (22) has also reported that a particular class of neurosecretory cells is completely absent in regenerated cerebral ganglia. Thus, although some neuronal somata are replaced after ablation, the earthworm does not completely restore normal CNS morphology after ablation and certain types of neurons are not replaced at all. Rather, the mechanism of regeneration of earthworm giant axons following ablation and transection is similar; that is, neuronal processes usually grow out from both stumps of a severed axon and functionally contact the appropriate severed stump on the opposite side of the lesion (Fig.  6A4, B4 ). This specificity is especially notable following ablation of three VNC segments because neuronal processes need to grow over greater distances (3 mm) compared to VNC transection (0.3 mm) or to ablation of a single segment (1 mm).
Unless all septa were originally absent (an unlikely event for three consecutive
LGA segments prior to three-segment ablation), specific connections following ablation are made between two functionally homologous neurons rather than between severed halves of the same neuron or between severed halves of a syncytial neuron. We also note that severed processes from an LGA on one side of the animal often make contact with the bilaterally symmetrical
LGA on the opposite side of the lesion, i.e., processes from the right caudal LGA stump might contact the left rostra1 LGA stump. (We had no way of testing the functional status of right versus left LGA interconnections due to the long space constant of the LGA and the electrotonic connection between the LGAs in each segment). Previous studies have reported high regeneration specificities between sets of homologous neurons in the left and right tectum of lower vertebrates, ( 10, 32) or between sets of muscle cells and homologous muscle masses in amphibians (36, 37) and insects (27). Isolated Retzius cells from different ganglia in the leech have been shown to form synapses in tissue culture (28). We now report high regeneration specificity in vivo between a uniquely identifiable neuron and a neuron homologous to the original target cell.
Our morphological evidence suggests that neuronal processes sometimes come in close association with inappropriate axons (Fig.  6A4 , BJ. Since our physiological data show no incorrect functional connections, the implication is that no inappropriate morphological contacts are functional at any time after lesioning. We have no evidence that incorrect synapses are suppressed by correct neuronal contacts, as has been suggested for the teleost neuromuscular junction (2 1; cf. Ref. 30). However, without ultrastructural studies, we cannot determine if misdirected processes actually make nonfunctional synapses or whether such processes merely come within a few micrometers of inappropriate neurons. We can say that, unlike the leech S-cell (24), earthworm
LGAs and MGAs grow processes in incorrect directions, and these misdirected processes are not retracted even after many months.
Our physiological data suggest that regenerating neuronal processes directly activate the giant axon on the opposite side of the lesion by ionic current flow as opposed to chemical synapses. For example, functional connections between regenerating giant axons followed high-frequency (3-l 00 Hz) stimulation in a 1: 1 fashion. Many such connections also conducted bidirectionally to lOO-Hz stimulation.
We also noted that lucifer yellow did not obviously pass from any regenerating process into a surviving distal stump, yet this same dye always passed between adjacent LGA segments, of which about 40% should have had complete septa.' Furthermore, the dye passed between right and left LGAs in normal and operated animals so that the contralateral
LGA was very obviously labeled. Since the right and left LGA are connected by small-diameter cross bridges, this result indicates that lucifer, diffusing through very fine axonal processes, is capable of labeling a large-diameter process. One hypothesis consistent with all these data is that functional regeneration is produced by electrotonic junctions that have a different permeability to lucifer than other junctions made by the same axons. This postulated regeneration mechanism would be similar to that reported for leech S-cells (7, 9, 23, 24) . Alternatively, these data are also consistent with the hypothesis that reconnection results from an extensive area of membrane apposition without gap junctions, as occurs normally in the chick ciliary ganglion (20) and perhaps in regenerating crayfish motor axons (M. S. Bouton and G. D. Bittner, unpublished observations). However, without ultrastructural observations our present morphological data cannot uniquely determine whether these giant axons are reconnected by gap junctions, membrane fusion, or ephaptic current spread.
Whatever the cellular basis of functional reconnection following transection, unidirectional impulse conduction through the lesion site could be explained by postulating that regenerating neuronal processes growing in one direction establish functional connections before neuronal processes growing in the opposite direction and that the reconnected neuronal processes do not generate sufficient current density to excite the giant axon stump to threshold.
Conversely, the severed stump of a giant axon might easily generate sufficient current to excite the smaller regenerated processes. Unidirectional conduction could then be converted to bidirectional conduction either if processes growing in the opposite direction through the lesion established functional contact with a giant axon stump or if the diameter of the regenerated neuronal process increased with time (as we observed to occur) so that the processes were able to generate sufficient current density to excite the giant axon to threshold. In fact, Muller and Carbonetto (23) have recently reported that regenerating leech S-interneurons initially conduct unidirectionally from the severed distal stump to neuronal processes growing from the severed proximal stump. At later stages in regeneration (9 mo), transmission became bidirectional as the diameter of the regenerating processes increased. In contrast to the unidirectionalbidirectional sequence in transected axons, conduction was bidirectional at 1 mo and became progressively unidirectional following one-or three-segment ablation. We have no good explanation for this difference.
It is conventional to expect that only axonal stumps still in contact with their cell body survive to grow new neuronal processes. According to this logic, LGA neuronal processes should grow from posterior to anterior through the lesion site because the posterior (proximal) stump of the LGA remains connected to the LGA cell body after transection and the severed anterior (distal) LGA process should degenerate (Fig. 6A2) . However, our results show that both axonal stumps of a given LGA always survived transection and both could extend processes into the lesion site. One possible explanation for these data is that the septum is not complete between adjacent LGA or MGA segments and that only those axons which were a syncytium prior to ablation or transection send out processes and regenerate. However, gap junctions disappear and adjacent segments separate somewhat in septate crayfish giant axons following axonotomy ( 1). Hence, some severed LGA stumps that are separated by a complete septum from an adjacent cell body may send out new processes. In any event, our observations confirm that severed distal stumps of nerve axons survive in earthworms (2) as in other invertebrates (4, 9, 12, 16, 19, 23) . It also appears that regeneration by functional reconnection of transected proximal and distal stumps is widely employed in invertebrates since similar regeneration mechanisms have now been reported in snails (26), crayfish (3, 5; M. S. Bouton and G. D. Bittner, unpublished observations), leeches (7, 9, 23, 34) , polychaetes ( 14a), and earthworms (2; present report). One obvious advantage of reconnecting severed stumps by outgrowing neuronal processes is that the ability to transmit impulses from one end of the animal to the other end ACKNoWLEDGMENTS is restored quickly. While it is true that im-
